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Summary
Objective: This study investigated the structural alterations in the osteochondral junction, traversing the intact-to-lesion regions, with the aim of
elucidating the way in which the pre-osteoarthritic (pre-OA) state progresses to fully developed osteoarthritis (OA).
Method: Thirty bovine patellae showing varying degrees of degeneration, with lesions located in the distalelateral quarter, were used for this
study. Cartilage-on-bone blocks were cut along the lateral facet to include both the lesion site in the distal end and the intact site in the prox-
imal end. The blocks were formalin-ﬁxed, mildly decalciﬁed and microtomed to obtain 30 mm e thick osteochondral slices. Using differential
interference contrast optics, the tissue microstructure was captured at high resolution in its fully hydrated state.
Results: There were structural changes in the osteochondral junction beneath the still-intact articular cartilage adjacent to the lesion site. The
changes observed in traversing from the intact to the lesion site exhibited characteristics that were strikingly similar to those associated with
primary bone formation. The evidence suggests that disruption of the cartilage continuum by a lesion has wider mechanobiological conse-
quences at the osteochondral junction.
Conclusion: The progression of OA appears to involve new bone formation adjacent to lesion sites. We hypothesise that the new bone spic-
ules that appear in regions beneath intact cartilage adjacent to lesion sites provide a snapshot of the elusive pre-OA state.
ª 2008 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
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Clinically, osteoarthritis (OA) is the symptomatic loss of car-
tilage thickness in a habitually loaded region of a joint, and
is associated with subchondral sclerosis and osteophyte
formation1. Together with radiographic joint space narrow-
ing these features present to the physician the deﬁning
signs of OA2,3 and represent a condition well beyond any
pre-osteoarthritic (pre-OA) stage. Interestingly, Satku
et al.4 have noted the rapidity with which the pre-OA phase
develops into symptomatic OA and hence the difﬁculty of
capturing the crucial early stages of this disease.
While pathological changes in OA involve both the artic-
ular cartilage (AC) and its underlying bone there is still un-
certainty as to whether the primary trigger is related to
changes occurring initially in the AC or in the underlying
subchondral bone region. There is still no consensus as
to which precedes which e subchondral bone sclerosis or
cartilage thinning3,5. Some OA animal model studies have
shown that changes in the joint surface occur before sub-
chondral bone thickening and osteophytic bone forma-
tion6e8. However, other studies have suggested that the
fate of the AC is dependent on the mechanical properties
of the underlying bone9e11.
The ‘bone-ﬁrst’ hypothesis could be strengthened if early
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456could be detected in the pre-OA joint in which a fully intact
layer of AC is still present. Neuman et al.12 presumed that
the new bone formation seen in OA hip joints was preceded
by the formation of canals and cavities containing vessels.
However, their study had several major limitations. Firstly,
their histological data were obtained from late-stage OA
joints and thus could not provide the crucial pre-OA struc-
tural evidence needed to demonstrate early osteochondral
changes. Secondly, the level of resolution of their stained
histological images did not provide adequate structural de-
tail, a limitation that would also apply to the autoﬂuorescent
images of vascularisation in the OA mice joints reported by
Walsh et al.13.
Using scanning electron microscopy and confocal light
microscopy Boyde and Firth14 were better able to show
the presence of these vascular canals in the joints of
healthy trained and untrained racehorses. They referred to
these canals as ‘cutting cones’, this terminology being sim-
ilar to that employed by previous bone researchers to de-
scribe the early morphological features of normal bone
formation and remodelling15e19.
A more detailed understanding of both the nature and se-
quence of osteochondral changes will require higher resolu-
tion imaging of these changes in tissues that incorporate
a graded progression from normal right through to fully de-
veloped OA. Data from such a progression should then in-
clude the crucial pre-OA state.
Much earlier Walker20 and Bartels21 showed that the bo-
vine patella underwent progressive OA-like changes. These
changes in this same organ have been documented micro-
scopically and biomechanically22,23 and are similar histolog-
ically to those seen in human OA cartilage24. More recently
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that the macroscopic appearance of the articular surface
consisted of regions largely free of ruptures blending into
visible lesions. Alterations in the general matrix microstruc-
ture underlying this transition from the intact to the disrupted
articular surface were found to correlate generally with the
degree of surface disruption. Thus, the mature bovine pa-
tella provides a useful means of investigating the
cartilageebone system containing a developing OA lesion
within a given joint. In effect, the model provides a snapshot
of the transition from the intact or pre-OA state to the fully
developed lesion.
The aim of this new study was to use the bovine patella
as a model system to investigate progressive bone-related
changes occurring across the intactelesion transition in the
early degenerate joint.Materials and methods
Patellae were obtained from freshly slain mature bovine cows and stored
at 20C. Following thawing in cold running water the articular surface was
stained with Indian ink to identify the presence and extent of any ﬁbrillation26.
Only those patellae exhibiting a Grade-II lesion (Outerbridge classiﬁcation27)
on their distalelateral facets (Fig. 1) were selected for this study. Cartila-
geebone samples with en face dimensions 14 45 mm were sawn from
the lateral facet of each patella so as to incorporate the intactelesion transi-
tion (Fig. 1). The samples were then equilibrated in 0.15 M saline for 2 h at
4C, formalin-ﬁxed overnight, washed in cold running water and then decal-
ciﬁed in 8% formic acid solution23.
Each sample was divided into three areas of interest (Fig. 1), the intact
region (I), the transition region (T) and the lesion site (L). These were then
snap-frozen and cryo-sectioned to obtain 30e60-mm thin osteochondral sec-
tions. These sections were then wet-mounted in 0.15 M saline on a glass
slide under a cover slip and examined using differential interference contrast
(DIC) optical microscopy and the images digitally recorded. As well as con-
ducting a detailed structural analysis, the distal-most tidemark and the ce-
ment line were manually traced out in relevant osteochondral images. The
average distance between these two lines was determined using Image J
processing softwarea. The percentage change between the lesion region
and the intact site was obtained and tested for signiﬁcance using non-para-
metric ManneWhitney statistical analysis. A total of 30 bovine patellae were
used in the study.Results
Figure 2 illustrates at low magniﬁcation the morphological
changes in both the surface and the osteochondral junction
in traversing from the intact to the lesion site. Note how the
disruption in the lesion region [Fig. 2(c)] corresponds to the
ink-stained rupture site (L) shown en face in Fig. 1. The ar-
ticular surface in the transition is intact apart from some
deep clefting [Fig. 2(b)]. Along the osteochondral junction
from the intact to the lesion site [Fig. 2(aec)] there are mul-
tiple tidemarks and increasing irregularity of the subchon-
dral bone.
The distal-most tidemark (that furthest from the subchon-
dral bone) was less intense than the deeper proximal ones
(Fig. 3). The distance between the distal-most tidemark and
the bone cement line was on average 68 mm (20 mm) in
the intact region, reducing to 40 mm (10 mm) in the lesion
region.
Bony spicules were seen to emanate from Haversian-like
canals within the deeper subchondral region (Fig. 4). In the
intact site the spicules contained a clearly deﬁned central
canal surrounded by new bone matrix continuous with the
deeper subchondral bone (Fig. 5).aImage J 1.31v. NIH, USA (Public Domain http://rsb.info.nih.gov/ij/)
and Java 1.3.1_03.At the lesion site, the spicules were less obvious, ob-
scured instead by more extensive bone formation
[Fig. 6(a)] with a well-developed osseous cuff distinguished
from the zone of calciﬁed cartilage (ZCC) by a clear cement
line [see black arrow in Fig. 6(b)]. That this cuff constituted
new bone formation was further evidenced by the charac-
teristic morphology of the embedded osteocytes, with their
ﬁne radiating canaliculi (Fig. 7). The spicules advanced to-
wards, but did not breach, the distal-most tidemark (Figs. 5,
6, 8, 9).
Between the intact and lesion regions there were four ma-
jor differences in the morphology of this new bone. Firstly,
spicule frequency and advancement increased towards
the lesion region (Fig. 9). Secondly, there was a 40% de-
crease (P< 0.05) in the visible ZCC of the lesion region
compared to the intact site. Thirdly, the network of Haver-
sian-like canals [see arrows in Fig. 6(a)] was also consider-
ably more developed in the lesion region. Finally, the new
bone appears woven and thus signiﬁcantly different from
the original lamellar form (cf. sites A and B in Fig. 10).
To establish whether or not there was any consistency in
the pattern of morphological change in the transition from
intact to lesion, each transitional sequence from the entire
cohort of samples was classiﬁed microstructurally with re-
spect to four distinct morphological characteristics, namely
articular surface disruption, tidemark-ZCC development,
spicule prominence and cement-line advance. Collating
the data in terms of these four characteristics then revealed
a common graded continuum of structural change deﬁned
by ﬁve discrete stages (see Fig. 11). From this analysis it
was noted that the gradation of change occurring in each
patella always spanned only adjacent stages.Discussion
Not reported in this paper are the changes in matrix struc-
ture observed in the increasingly degenerate cartilage ma-
trix. The data relating to this aspect of the study were not
included as they have been reported in previous studies
from this laboratory22,25,28,29. These earlier studies showed
how there is an increasing microscopically resolvable
‘fibrosity’ arising from ‘destructuring’ of the AC general ma-
trix across the intact-to-lesion site but did not include a study
of the osteochondral region. However, the new data in the
present study suggest that signiﬁcant structural changes
occur in the ZCC even before any signiﬁcant microscopic
changes take place in the overlying articular surface [Figs.
3(a), 5 which also correspond to stages 1 and 2 in Fig. 11].
The ZCC is thought to attenuate the force gradient be-
tween the compliant cartilage above and the much stifferFig. 1. Indian ink-stained articular surface of the full intact-to-lesion
transition of a cartilage-on-bone sample viewed en face. The intact
(I), transition (T) and lesion (L) regions are indicated. The actual
size is w14 mm by 45 mm.
Fig. 2. Representative low magniﬁcation images of (a) intact, (b) transition and (c) lesion regions described in Fig. 1. Arrow in each image
indicates the distal-most tidemark, i.e., boundary between the ZCC and AC. Scale bar¼ 200 mm.
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as being 10e100 times stiffer than cartilage but 10 times
less stiff than bone30,31. This relatively sharp gradation in
stiffness may account for the increasing likelihood of mi-
cro-fracture occurring at this interface9,32e34. The increased
intensity of the multiple tidemarks, together with the pro-
gressive replacement of the ZCC with new bone, suggests
that the osteochondral junction is changing mechanically
and is thus likely to inﬂuence force transmission.Fig. 3. Tidemark multiplicity in (a) the intact site, and in (b) the adjacent le
arrows) up into the ZCC. Black arrows indicate thIt is possible that the development of the ZCC in regions
of intact cartilage is a result of an altered mechanical envi-
ronment arising in turn from cartilage changes taking place
in the adjacent lesion site. In a recent study of the micro-
structural response of cartilage to compression23, we
showed that a biomechanical consequence of cartilage ma-
trix destructuring was a signiﬁcant increase in shear at the
osteochondral junction. Hence the structural changes in
both the cartilage matrix and ZCC are likely to alter thesion site. Note the extent of advance of the bone cement line (white
e distal-most tidemark. Scale bar¼ 100 mm.
Fig. 4. Montage showing bony spicule in the intact region emanat-
ing from Haversian-like canals (HC). White arrow indicates distal-
most tidemark. Scale bar¼ 100 mm.
Fig. 5. Intact site showing development of spicules and their asso-
ciated new bone matrix (NB). White arrows indicate distal-most
tidemark. Scale bar¼ 100 mm.
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related vascular channels (Figs. 4, 5, 8) may thus reﬂect bi-
ological changes in response to an altered mechanical en-
vironment. These spicules, with their bone cuff and central
canal, are consistent with the morphology of a primary os-
teon with its Haversian canal35 and hence like bone are ex-
pected to be mechano-sensitive.
The spicules are also remarkably similar to the ‘osteon
crossing’ or ‘cone’ seen in healing bone fractures
[Fig. 12(a)]. This feature of primary bone formation across
two fracture ends under direct compression was ﬁrst re-
ported by Rahn et al.36 and highlights the major role the me-
chanical environment plays in inﬂuencing the development
of these cones. Thus, could it be that a similar mechanobio-
logical process is responsible for the spicules shown in the
present study, and hence the inference that primary bone
formation takes place in the early OA joint? This question
may be addressed by considering two points of interest,
namely osteochondral angiogenesis and microstrain
stimulus.CONSIDER FIRST THE ISSUE OF ANGIOGENESISIn bone morphogenesis in the young animal, vascular ca-
nals grow into the bone-forming areas of the primary and
secondary ossiﬁcation centres, and contain the necessary
cells and nutrients for enchondral ossiﬁcation37. Also re-
ferred to as cartilage canals38,39 they provide nourishment
for both the chondrocytes and the mesenchymal cells in-
volved in the formation of new bone15e19.
In the OA joint too, vascular canals have been described
surrounded by what appeared to be an osteoid cuff13,23.
This is consistent with the view that enchondral ossiﬁcation
is the primary means by which subchondral bone changes
occur with the development of OA5, changes that are ulti-
mately detectable radiographically40.
The increased vascularisation is thought to inﬂuence the
progression of the disease with blood vessels emerging
from the subchondral bone into the calciﬁed cartila-
ge13,41e43 promoting the extension of bone upwards from
the deeper subchondral structures41,44. The bone spiculesimaged in our study with their vascular canals and osteoid
cuffs are certainly consistent with the osteochondral angio-
genesis mechanism. Our data further suggest that the vas-
cular supply for these spicules was mainly endosteal
(trabecular) as the spicules were seen to originate from
the deeper Haversian canals of the subchondral bone.
The cuff in our bone spicules did not in any instance cross
the distal-most tidemark. Instead, the data suggest that the
ZCC always advances ahead of any vascular invasion
[Figs. 3e6, 8, 9, 12(b)].
Hence, given the ‘vanguard’ nature of the ZCC we postu-
late further that for proper bone formation to occur, the dis-
tal-most tidemark will need to remain ahead of the
advancing cement line. This would then ensure that
a source of material for calciﬁcation is readily available for
the developing bone.
This idea is consistent with the mechanisms thought to be
involved in all types of normal bone formation where the
provision of a calciﬁcation zone for mineralisation is cru-
cial35,45e47. Similarly, in bone remodelling, secondary
bone tissue is organised within a calciﬁcation environment
where more and more calcium phosphate crystals can be
added to give the bone its required rigidity48,49. We hy-
pothesise that a similar process involving the ZCC as
a ready source of calcium in the OA joint plays a direct
role in the new bone formation detailed in this study.THE SECOND ISSUE CONCERNS THE ROLE OF LOCAL
MICROSTRAINSIn fracture healing, a critically small range of inter-frag-
mentary strains, from complete rigidity to no more than
2%, has been suggested to be optimum for good bone for-
mation (see review papers by Perren50,51). Rahn’s classic
paper36 also showed how rigid immobilisation of two frac-
ture ends resulted in ossiﬁcation around new ingrowths of
blood vessels across the fracture site, such that bone is de-
posited along the longitudinal axis of the vessel [Fig. 12(a)].
Perren51 argued that this direct healing was a result of com-
plete stability at the fracture site in a preloaded state of con-
tinuous contact, enabling the osteons (cones) to cross the
fracture at the compressed surfaces. Perren51 further noted
that strains of up to 2% are tolerated by lamellar bone, those
of up to 10% are tolerated by the three-dimensional conﬁg-
uration of woven bone, whereas with strains of between 10
Fig. 6. (a) New bone formation and network of new Haversian-like canals (see swarm of white arrows) in lesion site creating an extensive
osseous inﬁlling in the ZCC. Scale bar¼ 200 mm. The framed region is shown enlarged in (b). The distal-most tidemark (see white arrow
in b) appears as a faint and thus new mineralization front. Note the clear boundary or cement line between the new bone and ZCC (black
arrows in b). Scale bar¼ 50 mm.
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tion associated with our spicules appears to be woven
rather than lamellar, suggesting that they are associated
with generally intermediate levels of strain.
Our recent micro-visualisation studies of normal and OA
cartilage-on-bone tissues subjected to compression23,52
provide some insight into the nature of the micro-mechani-
cal environment of the loaded cartilageebone system.
These studies showed that the intact articular surface layer
plays an important role in redistributing the local compres-
sive forces away from the directly loaded region into the
wider articular cartilage (AC) continuum. Such a process
of force redistribution would help to reduce the levels of
shear generated at the osteochondral junction. We showed
that disruption of the articular surface adjacent to a directly
loaded intact region will interrupt this mechanism of force
redistribution. The progressively destructured general ma-
trix also renders the cartilage increasingly susceptible toFig. 8. Radially advancing spicule. White arrow indicates the ce-
ment line delineating the boundary between the new bone and
ZCC. Note also a laterally growing spicule imaged in its cross-sec-
tion at X. Scale bar¼ 50 mm.
Fig. 7. Fine canaliculi radiating from osteocytes within a bony cuff
viewed at high magniﬁcation. Arrow highlights the cement line be-
tween cuff and ZCC. Scale bar¼ 10 mm.
Fig. 10. Intact region showing older lamellar bone (site A) with its
associated Haversian-like canal. Site B shows new bone forming
within the ZCC with a morphology suggestive of non-lamellar or
less organised woven bone. Black arrow shows distal-most tide-
mark. Scale bar¼ 50 mm.
Fig. 9. Images showing increased spicule density in traversing from (a) intact towards (b) lesion site. Scale bar¼ 200 mm.
461Osteoarthritis and Cartilage Vol. 17, No. 4laterally directed forces. Thus, where loading occurs in an
intact site that is adjacent to a lesion, its proximity to a dis-
rupted articular surface coupled with a weakened (destruc-
tured) matrix, produces higher levels of shear strain in the
osteochondral region23.
So could the increased waviness of the mineralisation
front observed in the ZCC beneath the intact surface (seeFig. 11. Categorisation of changes in the ZCC and bone cement
line across the intact-to-lesion span for the 30 samples analysed
in study. A graded continuum of structural change deﬁned in terms
of ﬁve discrete stages 1e5 was employed. The bars locate each of
the individual samples and their morphological status within the
continuum.
Fig. 12. Images showing similarity between (a) an osteon crossing in long bone fracture healing reported much earlier by Rahn et al.36 and (b)
spicules in the OA joint as reported in present study. Scale bar¼ 50 mm.
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ponent of shear, this shear resulting from a reduced level of
load redistribution in the structurally impaired cartilage in the
adjacent lesion region? In this same context, Imhof et al.33
suggested that undulations in the ZCC would help transform
oblique or shear forces into compressive and tensile com-
ponents. Also, Burr53 suggested that in OA joints, the calci-
ﬁed cartilage becomes more mineralised and dense than
the underlying subchondral bone. It could be further argued
that forces transmitted across this region will encounter an
increasingly stiff ZCC. Hence, the mechanobiology of this
active zone of the joint system will need to be considered
alongside any analysis of structural changes.
The extensive development of the ZCC in the early OA
joint, as we have described in this study, parallels the phys-
iological importance of calciﬁcation as a crucial prerequisite
for enchondral ossiﬁcation in normal bone growth54,55. In
enchondral ossiﬁcation the build up of the mineral content
during calciﬁcation has been attributed to processes medi-
ated by chondrocyte apoptosis56,57. Thus in OA joints, the
increasing mineralisation of the ZCC may also be a result
of similar processes.
Finally, the structural changes we have observed in the
ZCC of the intact region may well provide an important indi-
cation of the pre- or early OA state, a state that is otherwise
experimentally difﬁcult to capture. That we might have cap-
tured the elusive pre-OA state would be a claim limited by
our study’s cross-sectional nature. Hence, any unambigu-
ous description of the temporal sequence of changes is out-
side the scope of the present study. However, while
admitting to this caveat we hypothesise that the early tide-
mark development and spicule formation that we have de-
scribed in detail could represent the pre-OA state.
To conclude, the transition from the intact to the lesion
site in the bovine patella model shows evidence of primary
bone formation in the mechanically critical osteochondral
region commencing beneath an intact AC. We hypothesise
that this bone formation is an indication of a pre-OA state.
Further, our observation of an already active ZCC below
a still-intact cartilage suggests that early bone changes
might well play an important role either in initiating the de-
generative process or in aiding its progression.Conﬂict of interest
There is no conﬂict of interest.Acknowledgements
The authors gratefully acknowledge funding support from
NZ Lottery Health, Arthritis New Zealand and the Wishbone
Trust (NZ Orthopaedic Association).References
1. Radin EL. Osteoarthrosis e the orthopedic surgeon’s perspective. Acta
Orthop Scand Suppl 1995;266:6e9.
2. Kellgren JH, Lawrence JS. Radiological assessment of osteo-arthrosis.
Ann Rheum Dis 1957;16(4):494e502.
3. Felson DT, Neogi T. Osteoarthritis: is it a disease of cartilage or of
bone? Arthritis Rheum 2004;50(2):341e4.
4. Satku K, Kumar VP, Chong SM, Thambyah A. The natural history of
spontaneous osteonecrosis of the medial tibial plateau. J Bone Joint
Surg Br 2003;85(7):983e8.
5. Burr DB, Radin EL. Microfractures and microcracks in subchondral
bone: are they relevant to osteoarthrosis? Rheum Dis Clin North
Am 2003;29(4):675e85.
6. Brandt KD. Transection of the anterior cruciate ligament in the dog:
a model of osteoarthritis. Semin Arthritis Rheum 1991;21(3 Suppl
2):22e32.
7. Dedrick DK, Goldstein SA, Brandt KD, O’Connor BL, Goulet RW,
Albrecht M. A longitudinal study of subchondral plate and trabecular
bone in cruciate-deﬁcient dogs with osteoarthritis followed up for 54
months. Arthritis Rheum 1993;36(10):1460e7.
8. Batiste DL, Kirkley A, Laverty S, Thain LM, Spouge AR, Holdsworth DW.
Ex vivo characterization of articular cartilage and bone lesions in a rab-
bit ACL transection model of osteoarthritis using MRI and micro-CT.
Osteoarthritis Cartilage 2004;12(12):986e96.
9. Radin EL, Rose RM. Role of subchondral bone in the initiation and pro-
gression of cartilage damage. Clin Orthop Relat Res 1986;213:34e40.
10. Burr DB. The importance of subchondral bone in osteoarthrosis. Curr
Opin Rheumatol 1998;10(3):256e62.
11. Hayami T, Pickarski M, Zhuo Y, Wesolowski GA, Rodan GA, Duong
le T. Characterization of articular cartilage and subchondral bone
changes in the rat anterior cruciate ligament transection and menis-
cectomized models of osteoarthritis. Bone 2006;38(2):234e43.
12. Neuman P, Hulth A, Linden B. The role of osteophytic growth in hip os-
teoarthritis. Int Orthop 2003;27(5):262e6.
13. Walsh DA, Bonnet CS, Turner EL, Wilson D, Situ M, McWilliams DF. An-
giogenesis in the synovium and at the osteochondral junction in oste-
oarthritis. Osteoarthritis Cartilage 2007;15(7):743e51.
14. Boyde A, Firth EC. Articular calciﬁed cartilage canals in the third meta-
carpal bone of 2-year-old thoroughbred racehorses. J Anat 2004;
205(6):491e500.
15. Lutﬁ AM. Mode of growth, fate and functions of cartilage canals. J Anat
1970;106(Pt 1):135e45.
16. Hunt CD, Ollerich DA, Nielsen FH. Morphology of the perforating carti-
lage canals in the proximal tibial growth plate of the chick. Anat Rec
1979;194(1):143e57.
17. Agrawal P, Atre PR, Kulkarni DS. The role of cartilage canals in the os-
siﬁcation of the talus. Acta Anat (Basel) 1984;119(4):238e40.
18. Chandraraj S, Briggs CA. Role of cartilage canals in osteogenesis and
growth of the vertebral centra. J Anat 1988;158:121e36.
463Osteoarthritis and Cartilage Vol. 17, No. 419. Ganey TM, Ogden JA, Sasse J, Neame PJ, Hilbelink DR. Basement
membrane composition of cartilage canals during development and
ossiﬁcation of the epiphysis. Anat Rec 1995;241(3):425e37.
20. Walker DF. Stiﬂe conditions. In: Gibbons, Catcott, Smithcors, Eds.
Bovine Medicine and Surgery. Santa Barbara: American Veterinary
Publisher; 1971.
21. Bartels JE. Femoraletibial osteoarthrosis in the bull: 1. Clinical survey
and radiological interpretation. J Am Vet Radiol Soc 1975;16:151e8.
22. Broom ND, Flachsmann R. Physical indicators of cartilage health: the
relevance of compliance, thickness, swelling and ﬁbrillar texture.
J Anat 2003;202(6):481e94.
23. Thambyah A, Broom N. On how degeneration inﬂuences load-bearing in
the cartilageebone system: a microstructural and micromechanical
study. Osteoarthritis Cartilage 2007;15(12):1410e23.
24. Mainil-Varlet P, Aigner T, Brittberg M, Bullough P, Hollander A,
Hunziker E, et al. Histological assessment of cartilage repair: a report
by the Histology Endpoint Committee of the International Cartilage
Repair Society (ICRS). J Bone Joint Surg Am 2003;85-A(Suppl 2):
45e57.
25. Broom ND, Ngo T, Tham E. Traversing the intact/ﬁbrillated joint surface:
a biomechanical interpretation. J Anat 2005;206(1):55e67.
26. Meachim G. Light microscopy of Indian ink preparations of ﬁbrillated car-
tilage. Ann Rheum Dis 1972;31(6):457e64.
27. Outerbridge RE. The etiology of chondromalacia patellae. J Bone Joint
Surg Br 1961;43-B:752e7.
28. Chen MH, Broom N. On the ultrastructure of softened cartilage: a possi-
ble model for structural transformation. J Anat 1998;192:329e41.
29. Chen MH, Broom ND. Concerning the ultrastructural origin of large-scale
swelling in articular cartilage. J Anat 1999;194:445e61.
30. Oegema Jr TR, Carpenter RJ, Hofmeister F, Thompson Jr RC. The
interaction of the zone of calciﬁed cartilage and subchondral bone
in osteoarthritis. Microsc Res Tech 1997;37(4):324e32.
31. Mente PL, Lewis JL. Elastic modulus of calciﬁed cartilage is an order of
magnitude less than that of subchondral bone. J Orthop Res 1994;
12(5):637e47.
32. Brown TD, Vrahas MS. The apparent elastic modulus of the juxtarticular
subchondral bone of the femoral head. J Orthop Res 1984;2(1):32e8.
33. Imhof H, Sulzbacher I, Grampp S, Czerny C, Youssefzadeh S,
Kainberger F. Subchondral bone and cartilage disease: a rediscov-
ered functional unit. Invest Radiol 2000;35(10):581e8.
34. Muir P, McCarthy J, Radtke CL, Markel MD, Santschi EM, Scollay MC,
et al. Role of endochondral ossiﬁcation of articular cartilage and func-
tional adaptation of the subchondral plate in the development of fa-
tigue microcracking of joints. Bone 2006;38(3):342e9.
35. Martin RB, Burr DM, Sharkey NA. Skeletal biology, Skeletal Tissue Me-
chanics. New York: Springer-Verlag; 1998. pp. 29e79.
36. Rahn BA, Gallinaro P, Baltensperger A, Perren SM. Primary bone heal-
ing. An experimental study in the rabbit. J Bone Joint Surg Am 1971;
53(4):783e6.
37. Harper J, Klagsbrun M. Cartilage to bone e angiogenesis leads the way.
Nat Med 1999;5(6):617e8.
38. Blumer MJ, Longato S, Richter E. The role of cartilage canals in endo-
chondral and perichondral bone formation: are there similarities be-
tween these two processes? J Anat 2005;206(4):359e72.
39. Blumer MJ, Schwarzer C, Perez MT, Konakci KZ, Fritsch H. Identiﬁca-
tion and location of bone-forming cells within cartilage canals on theircourse into the secondary ossiﬁcation centre. J Anat 2006;208(6):
695e707.
40. Bonnet CS, Walsh DA. Osteoarthritis, angiogenesis and inﬂammation.
Rheumatology 2005;44(1):7e16.
41. Mapp PI, Avery PS, McWilliams DF, Bowyer J, Day C, Moores S, et al.
Angiogenesis in two animal models of osteoarthritis. Osteoarthritis
Cartilage 2008;16(1):61e9.
42. Walsh DA. Angiogenesis in osteoarthritis and spondylosis: successful
repair with undesirable outcomes. Curr Opin Rheumatol 2004;16(5):
609e15.
43. Pufe T, Petersen W, Tillmann B, Mentlein R. The splice variants
VEGF121 and VEGF189 of the angiogenic peptide vascular endothe-
lial growth factor are expressed in osteoarthritic cartilage. Arthritis
Rheum 2001;44(5):1082e8.
44. Moskowitz RW, Goldberg VM, Malemud CJ. Metabolic responses of car-
tilage in experimentally induced osteoarthritis. Ann Rheum Dis 1981;
40(6):584e92.
45. Kirsch T, Nah HD, Shapiro IM, Paciﬁci M. Regulated production of min-
eralization-competent matrix vesicles in hypertrophic chondrocytes.
J Cell Biol 1997;137(5):1149e60.
46. Kirsch T, Wang W, Pfander D. Functional differences between growth
plate apoptotic bodies and matrix vesicles. J Bone Miner Res 2003;
18(10):1872e81.
47. Kirsch T. Determinants of pathological mineralization. Curr Opin Rheu-
matol 2006;18(2):174e80.
48. Day SM, Ostrum RF, Chao ES, Rubin CT, Aro HT, Einhorn TA. Bone
injury, regeneration, and repair. In: Buckwalter JA, Einhorn TA,
Simon SR, Eds. Orthopaedic Basic Science: Biology and Biomechan-
ics of the Musculoskeletal System. 2nd edn. Rosemont, Illinois: The
American Academy of Orthopaedic Surgeons; 2000:371e401.
49. McKibbin B. The biology of fracture healing in long bones. J Bone Joint
Surg Br 1978;60:150e62.
50. Perren SM. Physical and biological aspects of fracture healing with spe-
cial reference to internal ﬁxation. Clin Orthop Relat Res 1979;138:
175e96.
51. Perren SM. Evolution of the internal ﬁxation of long bone fractures. The
scientiﬁc basis of biological internal ﬁxation: choosing a new balance
between stability and biology. J Bone Joint Surg Br 2002;84(8):
1093e110.
52. Thambyah A, Broom N. Micro-anatomical response of cartilage-on-bone
to compression: mechanisms of deformation within and beyond the di-
rectly loaded matrix. J Anat 2006;209(5):611e22.
53. Burr DB. Anatomy and physiology of the mineralized tissues: role in the
pathogenesis of osteoarthritis. Osteoarthritis Cartilage 2003;12:
S20e30.
54. Gerber HP, Vu TH, Ryan AM, Kowalski J, Werb Z, Ferrara N. VEGF
couples hypertrophic cartilage remodeling, ossiﬁcation and angio-
genesis during endochondral bone formation. Nat Med 1999;5:
623e8.
55. Frost HM, Jee WS. Perspectives: a vital biomechanical model of the en-
dochondral ossiﬁcation mechanism. Anat Rec 1994;240:435e46.
56. Gibson G. Active role of chondrocyte apoptosis in endochondral ossiﬁ-
cation. Microsc Res Tech 1998;43:191e204.
57. Roach HI, Erenpreisa J. The phenotypic switch from chondrocytes to
bone-forming cells involves asymmetric cell division and apoptosis.
Connect Tissue Res 1996;35(1e4):85e91.
